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The environment of Eu** in zinc-thallium-tellurite glass of the molar composition 60Te0,-30TIOg 5~
9.9Zn0-0.1Eu,03 was investigated by laser-induced fluorescence line narrowing (FLN) techniques
using Eu®* as a local site probe. From the site selective luminescence spectra of Eu>* at 7 K, the energies
of the Stark components of the ’F; and ’F, states were recorded and then the crystal field parameters
B.m were calculated assuming a Gy, site symmetry. The ratios B,»/Bao and Bs4/B4o for each excitation
energy within ’Fo—>Dy transition were obtained and compared with the values calculated for Eu* in

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Recently, a novel glass system of zinc-thallium-tellurite has
been developed as a photonic material in our collaborative
research project, and its second- and third-order nonlinearities
were reported [1-3]. Zinc-thallium-tellurite glasses are supposed
to be more attractive, especially when doped with luminescent
lanthanide ions for photonic devices or communication systems.
Since they are characterized by good chemical stability, homo-
geneous distribution of lanthanide ions, lower maximum vibra-
tion frequencies (650-750cm~!) reducing the multiphonon
relaxation, and nonlinear optical responses, [4-7] the new
photonic glasses are potential to improve optical absorption/
emission cross-sections of these optically active ions.

The optical spectroscopy of zinc-thallium-tellurite glasses
activated with Eu®* ions is quite new (not reported so far) so that
it is valuable to study the local structure around Eu* ions in zinc-
thallium-tellurite glass by crystal-field analyses of fluorescence-line
narrowing (FLN) spectra [8]. The narrow spectral bandwidth of a dye
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laser has been used to excite only a small subset of Eu*>" ions out of
the full ensemble of sites occupied in the glass. By tuning the laser
frequency over the inhomogeneous bandwidth of “Fy—>Dj transition
different Eu®" sites were sampled. Hence, this technique has become
the most powerful experimental tool for the study of local structural
inhomogeneties of lanthanide ions in glasses.

Excitation of the nondegenerate “Fy—°D, transition leads to
>D, fluorescence terminating on levels belonging to the “F; (J=0,
1, ..., 6) multiplets. The multiplets are 2/+1 degenerate and thus
can be split into a maximum 2J+1 Stark components depending
on the symmetry of the crystal field. Such transitions are parity
forbidden in free ion for electric dipole processes. However, in a
glass, these transitions are allowed as a consequence of coupling
introduced by odd-parity terms in the crystal-field expansion
[9,10]. The structure observed in the fluorescence spectrum
(number of peaks) is then determined only by the splitting of
the terminal levels caused by the local crystal field, because no
Stark splitting of the emitting °D, state can occur under any
symmetry. Furthermore, the splitting of the terminal levels is very
sensitive to local variations in the crystal field.

In this study, the environment of Eu®* in 60Te0,-30TIOg 5—
9.9Zn0-0.1Eu,03 glass was investigated by FLN techniques. The
molar composition was determined on the basis of our previous
reports [1-3]. From the energies of the Stark components of the
’F, and 7F, states recorded, the crystal field parameters B,,,, were
calculated assuming a Cy, site symmetry. Moreover, the ratios
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Bo>/Bag and Bas/Bso for each excitation energy within “Fo—°Dg
transition were obtained and compared with the values calculated
for Eu®>* in other types of glasses.

2. Experimental

Zinc-thallium-tellurite glass of molar composition 60TeO,-
30T10g 5-9.9Zn0-0.1Eu,03 was prepared by melting a mixture of
the reagents TeO,, Tl,COs, ZnO, and Eu,03 powders in a platinum
crucible for 20 min at 800 °C in an ambient atmosphere. Tl,COs,
ZnO, and Eu,03 were commercial products. TeO, fine powder was
obtained by a thermal decomposition of orthotelluric acid
(HgTeOg, Aldrich, 99.9%) at 560 °C for 24 h [1]. The melts were
quenched down to ~100 °C in a brass ring mold on a brass base to
obtain cylindrical samples of ¢1.0 cm in diameter and 1.5 mm in
thickness. The samples were then polished to obtain planar disks
suitable and cleaned with acetone for optical measurements.

The broad-band emission spectrum was recorded at room
temperature in the range 550-750 nm by exciting the sample at
an excitation of 467 nm using a 500 W xenon lamp passed
through a monochromator (Jobin Yvon, H20-UV). The fluores-
cence line narrowing measurements were conducted by a tunable
dye laser (Coherent, Model 599) operating with rhodamine 6G
pumped by an diode-pumped solid state (DPSS) laser (Coherent,
Verdi-V5) to provide the tunable radiation selectively exciting the
7Fo—°Dg transition of Eu®*. The laser had a linewidth (full width
at half maximum) of 1.0cm~! over the tuning range 17,198-
17,276 cm~! used in this work. The luminescence signal was
monitored with a monochromator (Jobin Yvon, HR-320) equipped
with an optical double chopper, a Hamamatsu R955 photomul-
tiplier and a lock-in amplifier (EG&G, 5209) and recorded under a
computer control software [11]. Low temperature data were
acquired at 7 K using a helium closed-cycle cryostat. Overlapping
bands were separated by deconvoluting the measured spectra
with Gaussian bands in a least-squares minimization routine. The
relative measuring error was estimated to be about 1%. The crystal
field parameters were obtained from the experimental energy
levels of the Stark components.

3. Results and discussion

Fig. 1 shows a broad-band emission spectrum of the Eu®* ions
in 60Te0,-30T1045-9.9Zn0-0.1Eu,03 glass excited at 467 nm at
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Fig. 1. Broad-band fluorescence spectrum of 60Te0,-30TOg5-9.9Zn0-0.1Eu,03
glass at room temperature.

room temperature. This excitation energy is expected so that the
full ensemble of Eu?* ions can be excited by the light via D, level,
which has energy greater than that necessary to excite the 5D0—7I~'J
emission. This is obtained firstly by nonradiative relaxation from
energy level of °D, to Dy and then by emission to the ’F;
multiplets. The emission spectrum consists of five groups of
emission bands at about 579, 592, 613, 653, and 702 nm. The five
groups are due to the transitions from °Dy to ’F; (J=0, 1, 2, 3, 4).
5Do—7F; is a magnetic dipole transition and its intensity
hardly varies with the bonding environment of the Eu** ions
while °Dg—7’F, is an electric allowed transition, which is
hypersensitive to the coordination environment of Eu3* ions.
The intensity ratio (R) of *Do—’F, to °Dy—’F; is thus used to
estimate the deviation from the site symmetries of Eu* ions.
Besides that, the variation of R and a Judd-Ofelt’s phenomelogical
parameter 2, [9,10] are of the same trend because the probability
of °Dy—’F, transition is solely determined by Q.. It is reported by
Arafin [12] and Kumar [13] that Q, parameter is very high in
tellurite glass (2,~11 x 1072% to 12 x 1072° cm?) in comparison
with other host materials (silicate: Q,~6 x1072° to 8 x 102
cm?, fluorite: Q,~0.05 x 10729 to 1.2 x 10~2° cm?), regarding to
noncentrosymmetric structures of tellurite units [14]. Therefore,
the increase in R (that means increasing ) is due to a degree of
asymmetry of ligand or oxygen coordination in oxide glasses.

The ratio R is also used to estimate the luminescence efficiency
of the luminescence band °Dy— ’F, of the material, because the
intensity of the luminescence band °Dy—’F; is independent of
luminescence materials, which is usually used as the internal
standard to estimate the luminescence efficiency of the material
as the phosphor for the red luminescence (613 nm). The value of R
in zinc-thallium-tellurite glass is found to be 3.4, which lies high
value within the range 2-4 found in oxide glasses as evidence to
indicate that Eu®* ions in zinc-thallium-tellurite glass occupy
relatively low-symmetry sites [15]. This value of R is equivalent
with that of lithium borate glass doped with a much larger
amount of Eu,03 (2%) [16]. This therefore indicates that Eu®*
doped zinc-thallium-tellurite glasses are promising as a red light
source.

Low-temperature FLN spectra obtained at 7 K for the glass
60Te0,-30TI0g 5-9.9Zn0-0.1Eu,03 are shown in Fig. 2. The exact
positions of the different excitation wavenumber are represented
in the figure. All of them are inside the “Fo—>Dy absorption band,
which closely corresponds to the respective emission band
5Dg-"Fo due to the small Stocks’s shift usually observed in f-f
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Fig. 2. Low temperature FLN spectra of 60Te0,-30Tl0g5-9.9Zn0-0.1Eu,03 glass
at 7K.
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transitions of lanthanide ions. The full widths at half maximum
for the °Dy-’F, were found to be about 100 cm~! for the oxide
glass [17]. With increasing excitation energy still further, a weak
but invariant typical luminescence corresponding to >Do-’F; and
5Do-’F, transitions are still visible. This persists at excitation
energy well away from the ®D, absorption band. These spectra are
caused by excitation into the broad phonon sideband (PSB)
situated to the high energy side of the pure electronic (PE) °Dq
level [18].

However, in our experiment, the excitation was limited to a
narrow wavenumber range around the band center (17,198-
17,276 cm™!) in order to avoid nonselective excitation caused by
phonon side band absorption [19]. It is evident that the splittings
of the Stark components are very visible, in particular, the
splitting of the ’F; state tends to become larger when the
excitation energy increases. The higher and lower energy
components of the >Do-’F; emission shows a strong excitation-
dependent shift in energy and a remarkable narrowing, whereas
the other component remains relatively constant, in agreement
with Brecher and Riseberg [20]. In our experiment, the high
resolution of the Stark components and the clear presence of
three peaks in the °Dy-F; emission even for higher excitation
energies, are due to the absence of the PSB absorption [19].

In our experiment the five Stark splitting components of the
’F, level are also observed, in particular, for the lower energy
excitation. However, the five Stark components of the >Dy-"F,
transition are not clearly observable in the materials, which
exhibit the broad width of the individual Stark components [17].

The energies of the ’F; and ’F, Stark levels were obtained from
FLN spectra using a Gaussian deconvolution routine, as shown in
Fig. 3. Fig. 4 compiles the results as a function of the excitation
energy. It is evident that, in this case, the variations of the Stark
levels, especially the Stark levels of ’F,, depend weakly on the
excitation energy. Note this difference compared to that found for
some other glasses, especially fluorite glasses. The crystal field
parameter values are affected by the distances, bonding angles,
and the nature of ligands (including the electronegativity, the
covalence degree, etc.) that characterize the crystallographic site
of the rare-earth ion. The electronegativity (in Pauling scale) of
the oxygen and fluorine are 3.44 and 3.98. Therefore, the degree of
covalency in the Eu-O bond should be more than that in Eu-F
bond. These differences lead to the differences in the coordination
configuration of the Eu-O bond and Eu-F systems. According to
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Fig. 3. Spectra using a Gaussian deconvolution routine. The labels, A;, A, By, B,
are representive indexes of Cy, point group.
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Fig. 4. Energies of the Stark levels of the ’F; and ’F, multiplets for the glass with
the composition 30Tl0g5-60Te0,-9.9Zn0-0.1Eu,05, The labels, A;, A, By, By, are
representive indexes of C,, point group.

the study of Brecher and Riseberg [20], the structural model
derived for oxide glasses was found to be inadequate to explain
the observed behaviors of the fluoride glass, but an alternate
model was proposed, this model involved a ninefold coordination
of Eu by two set of nonequidistant fluoride ions and a systematic
axial distortion for this arrangement. The differences can be
attributed to the chemical difference between oxygen and
fluorine themselves. The degree of covalency in the metal-oxygen
bond should be considerably more than in the metal-fluorine
bond. Indeed, the fluoberyllate network studied by Brecher and
Riseberg [21] is considered to be almost totally ionic in nature. In
the tellurite glass, the excitation-dependent pattern of the Stark
splittings has revealed the demonstrated similarities in the
spectroscopic behavior of Eu* in a wide variety of oxidic glasses,
which is not directly carried over into fluoridic analogs.

Following the arguments of Brecher and Riseberg [20], the
crystal-field calculations are based on the assumption of C,, point
symmetry, which is customarily employed for the crystal field
analysis of site selective spectra of Eu®>" in glasses, where the
labels, A1, A,, Bq, By, used in Figs. 3 and 4, are representive indexes
of Gy, point group. This symmetry is the highest noncentrosym-
metric for which full Stark splitting of the J manifolds occurs
(highest symmetry with no degenerate representations) and the
lowest symmetry for which symmetry distinctions of most of
the components are maintained. Lempicki et al. [22] gave the
Hamiltonian (H,) for performing the crystal-field form in terms of
the operator equivalents Oy,

H, = ZZ@}”’[B;m 0%+ B3, 051 1)
n m
B =Amm <™
=—|e[Kn T > yim, )

where the quantities By, are the crystal field parameters and the
factors 0}”) are the operator equivalent constants oy, ; and y; for
n=2, 4, and 6, respectively; K, is a normalizing factor; and 755 are
the lattice sums. The various entries in the secular determinant
are

<JM|H|JM"> = Hum 3)

Using the equations for C,, symmetry [22], a set of crystal-field
parameters, B, giving a best fit to all eight components, was
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derived for each spectrum. The best fit was determined by using a
Gauss—-Newton algorithm to minimize the sum of squared
residuals between the observed and calculated peak positions.
The fits for spectra obtained from the glass using the symmetry
assignments of Brecher and Riseberg were very good with a root
mean squared (rms) errors between the fitted and observed peak
positions < 10% (Table 1).

The crystal field parameters B,g, Bz», Bso, B4z, and By, are
plotted in Fig. 5 for the glass 60Te0,-30T105-9.9Zn0-0.1Eu,03
as a function of the excitation wavenumber. The dependence of
the B, values on the excitation wavenumber is qualitatively
similar to those observed in germanate glasses [23] and in other
glasses such as silicate [20,24], phosphate [17], and borate [25]
glasses.

To receive the information about the symmetry of crystal field
surrounding the emitting ion, it is necessary to extract the angular
components from the crystal parameters B, in Fig. 4. For that,
the major crystal field ratios B,y/Byo and Ba4/Bsg, Which are
sensitive to the angular positions of the oxygen ligands [20] were
calculated for each FLN spectrum from the crystal field para-
meters and compared with the ones calculated by Brecher and
Riseberg on the basis of their geometric model (BR model)
proposed for Eu3* sites in oxide glasses. This model involves the
progressive approach of a ninth ligand to an originally eightfold
coordinated site having symmetry Cy,.

Fig. 6 shows the comparison between the experimental
CF-ratios B2y/Bao and B44/B4o and the values calculated according
to the BR structure model [20]. A plot of ratio B44/B4o as a function
of —Ba,/Bag shows that the experimental points are close to the

Table 1

behavior predicted by the BR model. The experimental points
determined in this research agree well with the theoretical BR
prediction on the shape of the curve. This is, firstly, to indi-
cate that the BR model could describe acceptably the local
structure around Eu®* in the zinc thallium tellurite glass under
investigation.
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Fig. 5. Crystal field parameters for 60TeO,-30TI0g 5-9.9Zn0-0.1Eu,05 glass as a
function of the excitation wavenumber.

Energy levels of Eu>* in zinc-thallium-tellurite glass (60TeO,—30TI0g5-9.9Zn0 —0.1Eu,03) as functions of the excitation energy of “Fo—>Dj.

7F1 7F2
Excitation energy (cm~!)
A, B, B, B, A, B> Az A, rms/%

17,276 obs 205.3 404.1 545.2 954.8 1013.2 1063.3 1136.5 1204.0 0.8
cal 205.3 404.1 545.2 954.8 1004.0 1063.3 1136.5 1213.2

17,271 obs 2121 399.1 540.3 947.2 1005.6 1061.0 1131.6 1196.5 0.2
cal 212.0 399.2 540.3 947.3 1003.9 1061.0 1131.6 1198.2

17,266 obs 218.8 394.2 532.6 937.0 992.8 1053.5 1124.1 1191.6 1.1
cal 218.7 394.3 532.6 937.0 1004.1 1053.5 11241 1180.3

17,261 obs 225.5 389.3 522.1 926.8 982.6 1040.7 1116.6 1181.5 2.1
cal 225.5 389.3 522.1 926.7 1005.0 1040.7 1116.7 1159.1

17,256 obs 232.2 384.4 511.6 924.5 977.7 1038.4 1116.9 1174.0 3.0
cal 232.2 384.5 511.6 924.5 1009.2 1038.4 1116.9 11425

17,251 obs 238.9 379.6 503.9 925.0 978.1 1036.2 1119.9 1171.7 3.8
cal 238.9 379.6 503.9 925.0 1017.8 1036.2 1119.9 1132.0

17,247 obs 248.5 374.7 496.2 920.1 973.2 1031.3 1122.8 1182.3 5.7
cal 248.5 374.7 496.2 920.1 1034.0 1031.3 1122.8 1121.6

17,242 obs 255.1 372.6 482.9 917.9 968.3 1026.4 1120.5 1180.0 6.9
cal 255.1 372.6 482.9 917.9 1040.9 1026.4 1120.5 1107.5

17,237 obs 261.8 367.7 4724 915.6 966.1 1024.1 1113.0 1170.0 7.2
cal 261.8 367.7 472.4 915.6 1041.5 1024.1 1113.0 1094.6

17,232 obs 274.2 365.7 459.1 913.4 966.5 1014.0 1105.5 1162.5 8.0
cal 2741 365.7 459.1 9134 1049.7 1014.0 1105.5 1079.3

17,227 obs 2722 360.8 451.4 911.2 964.3 1011.7 1103.2 1165.4 85
cal 2721 360.8 451.4 911.2 1053.0 1011.7 1103.2 1076.7

17,222 obs 281.7 358.8 443.7 911.6 964.7 1009.5 1090.6 1152.8 8.3
cal 281.6 358.8 443.7 911.7 1050.2 1009.5 1090.5 1067.2

17,217 obs 285.4 356.8 433.2 909.4 965.1 1009.9 1090.9 1158.2 9.0
cal 285.4 356.8 433.2 909.4 1058.3 1009.9 1090.9 1065.0

17,212 obs 292.0 354.7 425.5 909.9 965.5 1007.6 1086.0 1158.5 8.8
cal 291.9 354.7 425.5 909.9 1055.9 1007.6 1086.0 1068.1

17,208 obs 295.7 355.5 417.8 910.3 960.6 1008.0 1078.5 1161.4 8.7
cal 295.7 355.5 417.8 9103 1050.8 1008.0 1078.6 1071.2

17,203 obs 299.4 353.5 412.9 908.1 968.9 1005.8 1078.9 1161.6 7.9
cal 299.4 353.5 412.9 908.1 1050.7 1005.8 1078.9 1079.9

17,198 obs 303.1 357.2 413.7 911.2 966.7 1006.1 1074.0 1159.4 8.0
cal 303.1 357.2 413.7 911.2 1049.6 1006.1 1074.0 1076.4
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In order to estimate the role of the anions in the features of FLN
spectra of the different glasses, a plot of ratios, B4s/B4o as a
function of —B,;/Byg of some glasses with different anions are
presented in Fig. 7. It is remarkable that the narrow distribution of
Eu* coordinated site in zinc-thallium-tellurite glass. All of the
ratios for the oxide glasses are closer to the behavior predicted by
the BR model than that of the fluoride glass. This difference
originates probably from the difference in the electronegativities
of oxygen and fluorine anions. The electronegativity (in Pauling
scale) of the oxygen and fluorine are 3.44 and 3.98. Therefore, the
degree of covalency in the Eu-O bond should be more than
that in the Eu-F bond. According to the research of Brecher and
Riseberg [21], the structural model derived for oxide glasses
was found to be inadequate to explain the observed behaviors of
the fluoride glasses, but an alternate model was proposed, this
model involves a ninefold coordination of Eu by two set of
nonequidistant fluoride ions and a systematic axial distortion of
this arrangement.

The scalar crystal field strength parameter S, which is defined
in terms of rotational invariants of the crystal field, could be
calculated on the basis of the crystal field parameters following

Table 2

Scalar crystal field strength S for a zinc-thallium-tellurite glass studied as a

function of the excitation wavenumber.

Excitation energy (cm ') S(cm™1)
17,276 193
17,271 188
17,266 180
17,261 169
17,256 159
17,251 152
17,247 147
17,242 138
17,237 133
17,232 122
17,227 120
17,222 113
17,217 111
17,212 107
17,208 103
17,203 102
17,198 98
equation (see Table 2):
1 1 1/2
2 2 2
=132 257 B0 +2ng0((ReBnm) +(ImBum)*) “)

It could be noticed that the CF strength parameters increases
with increasing excitation energy, in agreement with the BR
model. The S values are very similar to those obtained in niobium
tellurite glass [26] and in zinc tellurite glass [27]. The S value
calculated for an excitation energy corresponding to the peak of
the “Fo->Dg absorption band (S=120.6 at 17,271 cm™ ') is much
lower than for the oxide glasses but in agreement with the other
tellurite glasses [26,27].

Table 2 indicates that Eu®>* ions occupy mainly the weak and
medium CF environments in this glass.

4. Conclusion

The analysis of the FLN spectra of zinc-thallium-tellurite glass
doped with Eu?* indicated that the local geometry at the
lanthanide sites could be described by using the classical BR model
under assumption of the C;, symmetry. The crystal field strengths
at various Eu>* sites appeared to be lower compared to other oxide
glasses. Moreover, the narrow distribution of the — B,;/Byg ratio
was found to be intrinsic for tellurite glasses. The obtained
behaviors was quite similar to that seen for other tellurite glasses
but different from those seen for silicate and fluorite glasses.
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